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A determination of the superconducting (SC) electron pairing symmetry forms the basis for
establishing a microscopic mechansim for superconductivity. For iron pnictide superconductors,
the s±-pairing symmetry theory predicts the presence of a sharp neutron spin resonance at an
energy below the sum of hole and electron SC gap energies (E ≤ 2∆) below Tc. On the other
hand, the s++-pairing symmetry expects a broad spin excitation enhancement at an energy above
2∆ below Tc. Although the resonance has been observed in iron pnictide superconductors at an
energy below 2∆ consistent with the s±-pairing symmetry, the mode has also be interpreted as
arising from the s++-pairing symmetry with E ≥ 2∆ due to its broad energy width and the large
uncertainty in determining the SC gaps. Here we use inelastic neutron scattering to reveal a sharp
resonance at E = 7 meV in SC NaFe0.935Co0.045As (Tc = 18 K). On warming towards Tc, the mode
energy hardly softens while its energy width increases rapidly. By comparing with calculated spin-
excitations spectra within the s± and s++-pairing symmetries, we conclude that the ground-state
resonance in NaFe0.935Co0.045As is only consistent with the s
±-pairing, and is inconsistent with the
s++-pairing symmetry.
PACS numbers: 74.25.Ha, 74.70.-b, 78.70.Nx
I. INTRODUCTION
A determination of the superconducting (SC) elec-
tron pairing symmetry is an important step to estab-
lish a microscopic theory for high-transition temperature
(high-Tc) superconductivity
1. Since the discovery of iron
pnictide superconductors2–4, a peculiar unconventional
pairing state, where superconductivity arises from sign-
revised quasiparticle excitations between the isotropic
hole and electron Fermi pockets near the Γ and M points,
respectively, has been proposed5–7. A consequence of this
so-called s±-pairing state is that the sign-reversed quasi-
particle excitations necessitate a sharp resonance in the
spin excitations spectra (termed spin resonance) occur-
ring below the sum of the hole and electron SC gap ener-
gies (E ≤ 2∆ = ∆h + ∆e) at the antiferromagnetic (AF)
wave vector Q connecting the two Fermi surfaces [inset
in Fig. 1(a)] below Tc
8,9. The experimental discovery of
the resonance by neutron scattering in hole and electron-
doped BaFe2As2 iron pnictide superconductors
10–21 and
iron chalcogenide Fe(Se,Te) family of materials22–24 has
provided strong evidence for the s±-pairing symmetry .
However, the neutron scattering experiments on single
crystals of Ba0.67K0.33Fe2As2
11, BaFe2−xCoxAs213,15–17,
and Fe(Se,Te)22–24 superconductors have also revealed
that the resonance is rather broad in energy [Fig. 1(e)].
In addition, the SC gap energies 2∆ determined from
the angle resolved photoemission (ARPES) experiments
for hole and electron-doped BaFe2As2 superconductors
by different groups25–28 can differ dramatically for even
ar
X
iv
:1
30
8.
24
53
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  1
2 A
ug
 20
13
2the same material, ranging from below to above the neu-
tron spin resonance energy [Fig. 1(e)], and these values
can also be quite different from those estimated by spe-
cific heat29 and penetration depth measurements30. Be-
cause the superconducting gap values for the multi-band
iron pnictide superconductors are different for different
bands25–28, the resonance energy is determined by the su-
perconducting gaps in electron and hole bands contribut-
ing most to the quasiparticle nesting condition8,9. There-
fore, the resonance in some materials may be broad in en-
ergy, and this has allowed some workers to argue that su-
perconductivity in iron pnictides arises from orbital fluc-
tuation mediated s++-pairing superconductivity27,31–34,
where one expects a broad spin excitation enhancement
(neutron spin resonance) at an energy of E ≥ 2∆ below
Tc
31–33. Given the current debates concerning the uni-
versality of the electron pairing symmetry in iron-based
superconductors34–39, it is important to compare spin ex-
citations in different classes of iron superconductors and
determine if the resonance in these materials agrees with
predictions of the s±- and s++-pairing symmetries.
In this article, we present inelastic neutron scattering
results on single crystals of SC NaFe0.935Co0.045As with
Tc = 18 K [Figs. 1(a)-1(d)]. In the normal state, the
imaginary part of the dynamic susceptibility, χ′′(Q, E),
at the AF wave vector increases linearly with increas-
ing energy E. Upon entering into the low-temperature
SC state, a spin gap opens below 5.5 meV and a sharp
neutron spin resonance appears at E = 7 meV with an
energy width of 1.5± 0.1 meV [Figs. 2 (d) and 2(f)]. On
warming to Tc, the resonance broadens in energy width
but its central position does not follow the decreasing SC
gap energy, different from the earlier work on electron-
doped BaFe2As2
15. By comparing the neutron scattering
results with a random-phase approximation (RPA) spin-
susceptibility calculation within the s+− and s++ pair-
ings, we find that our data are consistent with the s+−
symmetry in the low-temperature SC state and cannot
be explained by the s++ pairing symmetry.
II. RESULTS
We carried out inelastic neutron scattering exper-
iments on the thermal (PUMA) and cold (PANDA)
triple-axis spectrometers at the FRM-II, TU Mu¨chen,
Germany14, and also on the SPINS cold triple-axis spec-
trometer at NIST Center for Neutron Research, Gaithers-
burg, Maryland11. For the experiments, we coaligned 5
pieces of self-flux grown NaFe1−xCoxAs single crystals
with a total mass of 5.5 g (mosaic about 3◦) for PUMA
and PANDA experiment. Samples are loaded inside a 4
K displex controlled by a calibrated temperature sensor.
For SPINS measurements, we used∼10 g of single crys-
tals with mosaic less than 3◦. The chemical compositions
of the samples are determined as Na1.06Fe0.935Co0.045As
by inductively coupled plasma atomic-emission spec-
troscopy, which has an accuracy of about 2%. Sam-
FIG. 1: (Color online) Phase diagram, Fermi surfaces, re-
ciprocal space, transport, and susceptibility measurements.
(a) The electronic phase diagram of NaFe1−xCoxAs, where
the arrow indicates the Co-doping level of our samples. In-
set shows the hole and electron Fermi pockets near Γ and M
positions, respectively (Ref.5). (b) Reciprocal space probed
in the present experiment. The scan directions are shown
as arrows. (c) Temperature dependence of the in-plane re-
sistivity ρab in NaFe0.935Co0.045As. The inset displays the
low-T resistivity measured in zero-field and 9 T. (d) The
temperature dependence of the bulk susceptibility measured
by DC magnetic susceptibility. (e) The schematics of neu-
tron spin resonance for optimally hole (Ref.11, red solid line)
and electron (Ref.15, blue solid line) iron pnictide supercon-
ductors. The green solid line shows results for FeTe0.6Se0.4
superconductor24 and black solid lines show results from the
present work on NaFe0.935Co0.045As. The red, blue, and black
dashed regions show the range of 2∆ as determined from dif-
ferent ARPES and other experiments. In all cases, the reso-
nance can be either below or above the 2∆.
ples from different batches show almost identical chemi-
cal composition, which we denote as NaFe0.935Co0.045As.
The wave vector Q at (qx,qy,qz) in A˚
−1 is defined
as (H,K,L) = (qxa/2pi,qya/2pi,qzc/2pi) reciprocal lattice
unit (r.l.u) using the tetragonal unit cell (space group
P4/nmm, a = 3.921 A˚, c = 6.911 A˚ at 5 K). We used fo-
cusing pyrolytic graphite (PG) monochromator and an-
alyzer with fixed final energies of Ef = 14.7 meV and
Ef = 5 meV at PUMA and PANDA, respectively. For
SPINS measurements, we used Ef = 5 meV with flat
monochromator and analyzer. Both the [H,H,L] and
[H,K, 0] scattering zones have been used in the experi-
3ments and the scan directions are marked in Fig. 1(b).
To characterize the samples, we have carried out resis-
tivity and DC magnetic susceptibility measurements us-
ing commercial physical property measurement system
and SQUID magnetometer. Based on the early neutron
diffraction measurements42, AF Bragg peaks and low-
energy spin excitations are expected to occur around the
(0.5, 0.5, L) positions with L = 0.5, 1.5, · · · [Fig. 1(b)].
Figure 1(c) plots the in-plane resistivity ρab measure-
ment at zero field which gives Tc = 18 K. The inset shows
the magnetic field dependence of ρab at 0 and 9-T, indi-
cating a field-induced Tc suppression of∼2 K. Figure 1(d)
shows the magnetic susceptibility measurements on the
sample again showing a Tc = 18 K. Given the known elec-
tronic phase diagrams of NaFe1−xCoxAs43–45, it is clear
that our NaFe0.935Co0.045As samples are in the slightly
overdoped regime and do not have static AF order co-
existing with superconductivity [Figs. 1(a)]. Our elas-
tic neutron diffraction scans through the AF Bragg peak
positions are featureless and thus confirm this conclusion
(see Fig. 7 in the appendix for details). Figure 1(e)
shows schematics of the resonance for optimally hole11
and electron13,15–17 doped iron pnictides, as well as iron
chalcogenide Fe(Se,Te)22–24, and the ranges of SC gaps
for these materials as determined from ARPES and other
techniques25–30,34. For comparison, we also show the SC
gaps determined from ARPES for NaFe0.95Co0.05As
40,41.
As we can see, the ARPES measurements from two
groups on NaFe0.95Co0.05As have yielded SC gaps dif-
ferent by a factor of two.
In previous neutron scattering work on electron doped
BaFe2−xNixAs2 pnictide superconductors14,17, the neu-
tron spin resonance was found to be dispersive, occurring
at slightly different energies for different c-axis wave vec-
tor transfers. To see if this is also the case for spin exci-
tations in NaFe0.935Co0.045As, we carried out constant-Q
scans at wave vectors Q = (0.5, 0.5, 1) and (0.5, 0.5, 1.5)
below and above Tc on PUMA. While the background
scattering (BKG) taken at Q = (0.65, 0.65, 1) and
(0.65, 0.65, 1.5) showed no change below and above Tc
[Figs. 2(a) and 2(c)], the scattering at the in-plane
AF wave vector revealed dramatic changes across Tc.
In the normal state (T = 25 K), the scattering above
BKG is featureless and increases with increasing energy.
Upon entering into the SC state (T = 5 K), a spin
gap forms below ∼5.5 meV and a sharp resonance ap-
pears at E = 7 meV [Figs. 2(a) and 2(c)]. The corre-
sponding χ′′(Q,E), obtained by subtracting the BKG
and correcting for the Bose population factors using
χ′′(Q,E) = [1 − exp(−E/kBT )]S(Q,E), are shown in
Figs. 2(b) and 2(d). Inspection of Figs. 2(a)-2(d) reveals
that the resonance exhibits no c-axis dispersion and has
an energy width of ∼3 meV. Figures 2(e) and 2(f) show
similar scans on SPINS, which reveal a 5 meV spin gap
and a sharp resonance at E = 6.8 ± 0.1 meV with an
energy width of ∼1.5 meV in the SC state at 3 K. This is
much narrower than the energy widths of the resonances
in the hole and electron-doped BaFe2As2 [Fig. 1(e)]
10–19.
FIG. 2: (Color online) Energy scans at the AF wave vec-
tor. (a) and (c) Energy scans at Q = (0.5, 0.5, 1) and
Q = (0.5, 0.5, 1.5), respectively, at 5, 25, and 50 K on
PUMA. The background was taken at Q = (0.65, 0.65, 1)
and Q = (0.65, 0.65, 1.5), respectively, at 5 and 25 K. (b)
and (d) are the corresponding χ′′(Q,E).(e) Energy scans at
Q = (0.5, 0.5, 0.5) at 3, 10, 15, 17, and 25 K on SPINS.
The background scans at Q = (0.75, 0.75, 0.5) between 5
and 25 K are also shown. For clarity, the energy scans at
Q = (0.5, 0.5, 0.5) were shifted above background data by 30
at 25 K, 100 at 17 K, 150 at 15 K, 230 at 10 K, and 330 at 3
K. (f) is the corresponding χ′′(Q,E). The solid and dashed
lines are guides to the eyes. The horizontal bars indicate in-
strumental energy resolution.
On warming to 10, 15, and 17 K, the resonance energy
widths become broader, but its peak position remains al-
most unchanged up to T = 0.94Tc = 17 K [Fig. 2(f)].
This is different from earlier work on the temperature de-
pendence of the resonance energy in BaFe1.85Co0.15As2
(Tc = 25 K)
15, but somewhat similar to the tempera-
ture dependence of the resonance in Fe(Se,Te) family of
materials23,24.
To confirm the SC spin gap and determine the wave
vector dependence of the resonance, we carried out
constant-energy scans at E = 4, 7, and 15 meV below and
above Tc. Figures 3(a-c) and 3(d-f) show χ
′′(Q,E) along
the [H,H, 1] and [H,H, 1.5] directions, respectively. In
the SC state at T = 5 K, χ′′(Q,E) is featureless at
E = 4 meV and thus confirms the presence of a spin
gap. For other excitation energies, the scattering pro-
files can be fitted by Gaussians on linear BKG. Taking
the Fourier transforms of the fitted Guassian peaks along
the [H,H, 1] direction, we find that the in-plane spin-spin
correlation lengths at the energy of the resonance are
4FIG. 3: (Color online) Constant-energy scans at different L
values across Tc. Q scans along the [H,H, L = 1, 1.5] direc-
tions below and above Tc = 18 K at different energies: (a,d)
in the gap (4 meV), (b,e) at the resonance energy (7 meV),
and (c,f) well above 2∆ (15 meV). The solid lines are fits to
Gaussians. Data are from PUMA.
ξ = 24± 1 A˚ at 25 K and ξ = 30± 1 A˚ at 5 K. Along the
[H,H, 1.5] direction, ξ = 32 ± 3 A˚ are unchanged from
25 K to 5 K. Increasing the excitation energy to E = 15
meV (> 2∆), there are no observable differences in scat-
tering intensity and spin correlation lengths (ξ = 20± 1
A˚) below and above Tc
Figure 4(a) shows the temperature dependence of the
scattering at the AF wave vector Q = (0.5, 0.5, 1.5) for
the resonance (E = 7 meV) and spin gap (E = 4 meV)
energies. While the intensity increases dramatically be-
low Tc at the resonance energy, it decreases at E = 4
meV signaling the opening of a SC spin gap. To test
if spin excitations in NaFe0.935Co0.045As are indeed two-
dimensional in reciprocal space like in the case of Co-
doped BaFe2As2
13, we show in Fig. 4(b) BKG subtracted
constant-energy scans along the [0.5, 0.5, L] direction at
the resonance energy (E = 7 meV) below and above Tc.
The monotonic decrease of the scattering with increas-
ing L is consistent with the square of the Fe2+ mag-
netic form factor, thus confirming the two-dimensional
and magnetic nature of the resonance.
In the optimally hole11 and electron-doped
BaFe2As2
16,17,19, the resonances form longitudinally
and transversely elongated ellipses, respectively. Since
NaFe0.935Co0.045As belongs to the electron-doped iron
pnictide superconductor, we mapped out spin excitations
in the [H,K, 0] scattering plane on PUMA. Figures 4(c)
and 4(d) show constant-energy scans at E = 7 meV
along the transverse [1/2 + H, 1/2 − H, 0] and longitu-
FIG. 4: (Color online) Temperature dependence of the res-
onance and spin gap. (a) Temperature dependence of the
scattering at Q = (0.5, 0.5, 1.5) at E = 4, and 7 meV.
The solid lines show the order parameter fits by using I =
Io +K(1− (T/Tc))β yielding Tc = 18.8 K for both. (b) Back-
ground subtracted constant energy scans with E = 7 meV
along the [0.5, 0.5,L] direction at 5 and 25 K. Background was
taken at Q = (0.65, 0.65,L). The solid lines are the square of
the Fe2+ form factor. (c) and (d) Q-scans below and above
Tc along the [1/2 + H, 1/2 − H, 0] and (H,H, 0) directions,
respectively. (e) and (f) The dispersions of spin excitations
below and above Tc along the [H,H, 0] and [H − δ,K + δ, 0]
directions, respectively. The shaded area indicates the size of
the spin gap in the SC state. (g) The in-plane wave vector
profile of the E = 5.5 meV spin excitations in the SC state.
Data are from PUMA.
dinal [H,H, 0] directions [perpendicular and parallel to
the in-plane AF ordering wave vector Q = (0.5, 0.5, 0)],
respectively, below and above Tc. Although there is
no evidence for transverse incommensurate magnetic
scattering as in the case of LiFeAs46, the spin resonance
in NaFe0.935Co0.045As is considerably broader along
the transverse direction than that of the longitudinal
direction. Figure 4(g) shows the two-dimensional image
of the resonance in the SC state, further confirming the
results of Fig. 4(c) and 4(d).
Figure 4(e) and 4(f) summarizes the full-width-half-
maximum (FHWM) of the low-energy spin excitations
along the longitudinal and transverse directions below
and above Tc, respectively. In the normal state, spin
excitations in NaFe0.935Co0.045As are gapless, comparing
with the ∼10 meV anisotropy gap in spin waves of the
undoped NaFeAs47. The data points are the FWHM of
spin excitations along the two high symmetry directions.
On cooling to below Tc, the effect of superconductivity is
5FIG. 5: (Color online) RPA calculated resonance for s± and
s++ pairing symmetries. (a) Computed spin-excitation spec-
trum for the s± pairing channel. (b) Same but for s++ pairing
symmetry. (c) χ′′(ω) at the AF wave vector Q for both these
cases. The horizontal lines mark the 2∆0 line, below and
above which the resonance occurs in the two cases, respec-
tively. Both calculations are performed with fixed intrinsic
broadening of 1 meV, SC gap of ∆0=6 meV, and Coulomb
interaction U=1.6 eV.
to open a low-energy spin gap and concurrently form a
neutron spin resonance. The dispersions of the spin ex-
citations are essentially unaffected by superconductivity.
III. DISCUSSION AND CONCLUSIONS
To compare with the experiment, we have performed
RPA spin-susceptibility calculation in the SC state, using
the five-orbital tight-binding model taken from Ref.48.
The details of the calculations can be found in Refs.49
and appendix. Results for the s+− and s++ pairing
symmetries are given in Figs. 5(a)-5(c). For s±-pairing,
a spin-resonance appears due to the inelastic scatter-
ing of the Bogoliubov quasiparticles whose energy and
wave vector can approximately be determined from E =
|∆νkF | + |∆ν
′
kF+Q
| given that sign[∆νk] 6=sign[∆ν
′
k+Q] be-
tween band indices ν and ν′, where ∆νk = ∆
ν
0g(k) with
g(k) = (cos kx + cos ky). There are two reasons for the
resonance shift to E < 2∆0: (1) Due to large area of elec-
tron pocket in these systems40, the effective gap value
on the Fermi momenta is reduced, i.e. |g(kF )| < 1.
(2) The resonance energy shifts further to lower energy
within RPA49. We take ∆0 ≈ 6 meV40 to obtain a res-
onance at 7 meV, in accord with experimental value.
For the s++ pairing, due to the lack of sign-reversal,
the spin-excitations inside the SC gap are completely
eliminated. However, at E > 2∆0, a hump-like fea-
ture in intensity appears. The many-body RPA correc-
tion shifts the hump to a higher energy (for the same
value of U = 1.6 meV, we obtain a weak feature around
E = 1.3(2∆)), as shown in Fig. 5(b) and 5(c). With
varying U as well as the intrinsic broadening, we find
that the result is robust and the s± resonance peak is
ubiquitously sharper than that for the s++-case. There-
fore, our low-temperature neutron scattering results in
FIG. 6: (Color online) Temperature evolution of spin-
resonance for s± and s++ pairing symmetries. (a) Tempera-
ture dependence of the peak position and energy width of the
resonance, compared with temperature dependence of the SC
gap energies as obtained from ARPES measurements (solid
green40 and blue41 curves). The vertical shaded bars are full-
width-at-half-maximum of the resonance. The error bars of
the resonance peak energies are smaller than the symbol size
for T ≤ 15 K. (b) Self-consistent values of the spin-resonance
energy Eres plotted as a function of temperature in the SC
state for the two pairing symmetries under consideration, and
compared with the SC gap amplitude. All energy scales are
normalized by the SC gap value at T=0, while the tempera-
ture is normalized by Tc for presentation. The spin-resonance
for s± pairing remains very much temperature independent
except near Tc due to self-consistently evaluated change in the
Fermi level (shown in the inset) at each temperature, while
that for the s++ pairing follows the gap function at each tem-
perature. (c) Spin-resonance peak and intensity as a function
of energy at the commensurate wave vector at different tem-
peratures (see the colorscale) for s± pairing symmetry. (d)
Same as (c) but for the s++ pairing symmetry. Contrasting
evolution of the resonance energy and intensity can be marked
between s± and s++ pairing, and our experimental data are
consistent with the former pairing symmetry results.
Fig. 2 are only consistent with s±-pairing symmetry re-
gardless of the actual values of the SC gaps40,41.
On the other hand, assuming that temperature de-
pendence of the SC gaps in NaFe0.935Co0.045As fol-
lows the BCS form, as demonstrated in many pnictide
superconductors34,35, we observe that the resonance en-
ergy remains very much temperature-interdependent, see
Fig. 6(a). To explain this behavior, we calculate the tem-
perature evolution of the spin-susceptibility and the re-
sults are shown in Fig. 6(b-d). For each temperature, we
evaluate the Fermi energy (EF ) constrained by the fixed
number of electrons. As shown in inset to Fig. 6(b), EF
increases as gap decreases with temperature. The corre-
sponding change in the Fermi surface topology yields a
change in the effective gap value for s± pairing due to
the anisotropic gap structure factor g(k) defined before.
Additionally, this leads to a reduction in χ′ in the s±
6pairing state, and for the temperature independent in-
teraction U , the resonance condition shifts to a higher
energy, as illustrated in the appendix. Due to the in-
terplay between these two changes as a function of tem-
perature, the resonance energy shifts to higher energy
compared to its corresponding 2∆(T ) value, but remains
very much temperature-independent with respects to its
2∆(0) energy [Fig. 6(a)]. This analysis does not apply
to the s++ pairing symmetry since it is insensitive to
the change in the underlying Fermi surface. Therefore,
the resonance energy in this pairing symmetry, which lies
above 2∆(T ), very much follows the gap function.
The corresponding lineshape of the resonance is shown
in Figs. 6(c) and 6(d) for s± and s++, respectively. Con-
trasting temperature evolution of χ′′ at the commensu-
rate wave vector can be marked between the two pairing
symmetries. For s± pairing, the resonance intensity de-
creases according to the BCS prediction, but its position
does not shift in energy until the temperature reaches
the vicinity of Tc, where the resonance shifts to lower en-
ergy below its corresponding 2∆(T ). On the contrary, for
s++ pairing the resonance intensity increases and gradu-
ally shifts to lower energy. This contrasting behavior can
be understood from the physics of resonance described in
the appendix. As shown in Fig. 8(b), the weak intensity
hump above the 2∆ in the s++ arise from the discon-
tinuous jump from the particle-hole channel to the SC
region. As gap decreases, the energy scale of the jump
also decreases, and thus the resonance energy follows gap
evolution, and remains almost insensitive to the modifi-
cation in the underlying electronic structure.
In summary, we have discovered a sharp resonance
in electron-overdoped NaFe0.935Co0.045As in the low-
temperature SC state. our experimental data is consis-
tent with the s± pairing state both in terms of inten-
sity and energy scales as a function of energy, and thus
provide further evidence to the presence of s± pairing
symmetry in pnictide superconductors.
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V. APPENDIX
In this appendix, we first present elastic neutron
diffraction data on the sample and then give the details
of our calculations presented in the main text. The elas-
tic neutron scattering scans across the AF Bragg peak
positions are featureless and thus confirm this conclusion
that the material does not have static AF order.
We evaluate the spin-resonance susceptibility in
the superconducting (SC) state within the BCS-RPA
formalism49,50 which is given by
χrstuBCS(q, ω) =
1
N
∑
Mν,ν
′
rstu(k, q)
{
1
2
[
1 +
ξνkξ
ν′
k+q + ∆
ν
k∆
ν′
k+q
SνkS
ν′
k+q
]
f(Sνk )− f(Sν
′
k+q)
ω − Sνk + Sν′k+q + iδ
+
1
4
[
1 +
ξνk
Sνk
− ξ
ν′
k+q
Sν
′
k+q
− ξ
ν
kξ
ν′
k+q + ∆
ν
k∆
ν′
k+q
SνkS
ν′
k+q
]
1− f(Sνk )− f(Sν
′
k+q)
E + Sνk + S
ν′
k+q + iδ
+
1
4
[
1− ξ
ν
k
Sνk
+
ξν
′
k+q
Sν
′
k+q
− ξ
ν
kξ
ν′
k+q + ∆
ν
k∆
ν′
k+q
SνkS
ν′
k+q
]
f(Sνk ) + f(S
ν′
k+q)− 1
E − Sνk − Sν′k+q + iδ
}
. (1)
Here Sνk = [(ξ
ν
k )
2+(∆νk)
2]1/2 is the SC quasiparticle state
for the eigenstate ξνk (ν is band index) and the SC gap
∆νk. For s
±-pairing symmetry we have ∆νk = ∆
ν
0(cos kx+
cos ky) and for s
++-wave pairing symmetry we take ∆νk =
∆ν0 to be same for all bands. M is the matrix element
consists of the eigenstates of the initial and final scattered
quasiparticle state as given by Mν,ν
′
rstu(k, q) = φ
ν′†
r (k +
q)φνs (k)φ
ν†
t (k)φ
ν′
u (k+q), where φ
ν
r (k) is the eigenfunction
of the νth-band derived from rth-orbital.
In Eq. 1 in the appendix, the first term is called
particle-hole scattering term which vanishes in the SC
state due to particle-hole symmetry regardless of any
pairing symmetry. The second and third term are called
particle-particle and hole-hole scatterings, respectively
which become active in the SC state. Focusing on the
third term (the same analysis applies to the second term),
we find that this term contributes a non-zero value only
when sign[∆νk] 6=sign[∆ν
′
k+q] (since ξ
ν
k = 0 on the Fermi
surface). A pole thus obtained in the imaginary part of
χBCS at
E = |∆νk|+ |∆ν
′
k+q|. (2)
7FIG. 7: Elastic neutron scattering through the AF
Bragg positions. (a) and (b) Elastic neutron scattering
from PUMA along the [0.5, 0.5, L] directions at 5 K. The solid
lines are guided to the eyes and the arrows indicate the posi-
tions of AFM static ordering.
(Of course, the many body effect and the matrix-element
effect can shift the energy scale as discussed below). For
s++ pairing, the lack of sign-reversal prevents any reso-
nance to occur inside the gap. Here, for ω > 2∆ Eq. 1
transform into the particle-hole (p-h) channel governed
by the free-fermion Lindhard function as
χrstu0 (q, E) =
1
N
∑
k
Mν,ν
′
rstu(k, q)
f(ξνk )− f(ξν
′
k+q)
E − ξνk + ξν′k+q + iδ
. (3)
Unlike the BCS susceptibility, the p-h continuum is con-
siderably broad and is obtained from the dynamical nest-
ing between different bands as Eq = ξ
ν
k − ξν
′
k+q. For
s±−pairing, χBCS gives a very sharp resonance feature
inside the SC region, which virtually washes out the in-
formation of the p-h continuum above this energy scale.
On the other hand, for s++-pairing, χBCS = 0 and the
sharp crossover to χ0 at E = 2∆ acts as an abrupt change
in the real part of χ0. In both cases, the Fermi surface
nesting between electron-pockets sitting at M point and
the hole-pockets at Γ-point is most dominant, giving fea-
tures at the commensurate wave vector Q = (pi, pi). The
characteristic differences in the bare susceptibilities for
the two pairing channels are given in the supplementary
Fig. 2.
We include the many-body correction to the spin-
excitation spectrum via standard RPA formalism as
χ˜RPA = χ˜BCS/(1˜−U˜ χ˜BCS), where the symbol tilde over
a quantity represents that it is a matrix in the orbital
basis. The interaction vertex consists of intra-orbital
Coulomb interaction U , inter-orbital term V = 2U ′ − J ,
where U ′ = U − 5/4J and J = U/8 is the Hund’s cou-
pling and J ′ = J/2 is the pair hopping term. For a single
band system, a spin-resonance occurs when the denom-
inator of RPS susceptibility vanishes at χ′BCS = 1/U ,
and the peak is broadened by χ′′BCS . The situation is
equivalent, yet complicated in the multi-orbital case. We
obtain a sharp resonance peak for the s±-pairing case
below 2∆ where the broadening associated with χ′′BCS is
much reduced, as shown in supplementary Fig. 1(a). On
the other hand, for s++ the resonance in the p-h contin-
uum is broadened by large value of χ′′0 [see green dashed
line in supplementary Fig. 1(b)].
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